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INSULATORS AND TRANSFORMER CONNECTIONS

INTRODUCTION
In the following oaner the writer endeavors "by such means
as he in his cower to ascertain what the present nrectice of
engineers is with regard to insulators and transformer connections
on high tension transmission lines. Information was obtained from
late technical literature and from data submitted by operating
companies in response to the following letter:
"Gentlemen
:
As a Senior in the Electrical Dept., of the College of
Engineering at the University of Illinois, I am writing a graduat-
ing thesis entitled "Modern Practice in regard to Insulators ard
Transformer Connections on High Tension Lines."
I take the liberty, therefore, of asking you for such in-
formation on the insulators and transformers in your own plant as
you would care to give.
If you will kindly have the enclosed blank filled out and
returned to me (addressed envelope herewith) you will he doing me
a great favor."
A cony of the blank mentioned is submitted herewith:

A. N.i me of Company
(toiienttinii Sliilions
(ioneriitor Yoltniios
l.iiif \ 'oltllf&es /OO £TV~V f O V V O O
Tower or Pole Line
lYttiront or Ditto I nsuliltor*
Number oi l)is»-** in One
Si rinR
lirenkdown \'ollniie Single
Insulator
Tranformer Connections [Si ar, Sfwawkj fitter;—DHl.i, Open l)i IIji »>r
Two Phaao—Three Phase]
Generating End Receiving End
High Tension Side
Low Tension Side
Seventy-five copies of the above letter and blank were sent
to various operating companies. The following thirty -two companies
very kindly filled out the blank and returned it, some supplement-
ing the information with a detailed description of their line con-
struction :
Auglaize Power Co.
Beaver River Power Co.
California Oregon Power Co.
Chimewa Valley Lt. and Ry . Co.
Cleveland Cliffs Iron Co.
East Creek Elec. Lt. and Power Co.
Georgia Power Co.
Crant Smith Co.
Great Northern Power Co.
Kansas City Elec. Lt. Co.
Madison River Power Co.
Milwaukee Elec. Ry. and Lt. Co.
Mohawk Hydro-Electric Co.
Mt. Whitney Power and Elec. Co.

San Joaquin Lt. and Power Co.
Schenectady Power Co.
So. California Edison Co.
Pacific Gas and Elec. Co.
Puget Sound Traction Lt. and Power Co.
Sierra and San Francisco Power Co.
Southern Sierra Power Co.
Central Colo. Power Co.
Step tar Valley Smithy and Wining Co.
Toronto Power Co.
Boise Project. —U. S. Reclamation Service.
Salt River Project.—U. S. Reclamation Service.
Utah Lake Irregation Co.
Utah Light and Ry. Co.
Utah Power and Lt. Co.
Washington Water Power Co.
Waterloo Cedar Falls and Nrthern Ry. Co.
Winona Interurban Ry.
The writer is indebted to the following manufacturers for
drawings, catalogs and nannhlets:
locke Insulator Co.
Ohio Brass Co.
Pittsburgh High Voltage Ins. Co.
Some authorities referred to in preparing this thesis are:
Steinmetz—Alternating Current Phenomena
Green—Operation of Transformers
(Proceedings A.I.E.E. Vol. XXX Part I)
Brew—Three Phase Transmission
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O-B Porcelain Insulator
Pony Large Size
Fiq.l
No. 10565
Diameter of Insulator 2-jj in.
Height of Insulator 3f
"
Diameter of wire groove \ "
Size of pin hole 1 "
Approximate Net Weight, per 100, in lbs 78
Approximate Weight packed, per 100, in lbs 88
Approximate Number in barrel 450
:'o<1h Wonl No. List per 1000
Fondling. 10565—Large Size Insulator for Telephone Wire $G0 00
Page 206 Pony Insulator, Double Groove—Manufacture discontinued.

PART II. I1TSULAT0RS.
I. Development.
Until extremely high voltages, from 10,000 to 150,000
volts, came into use in the endeavor to transmit electric power
efficiently over long distances, no serious problems in insulation
were encountered. Today the cost of effective insulation is the
factor which determines how high the voltage of transmission shall
be in a given system. When the demand came rather suddenly for
insulators which would give good service where the potential above
the ground ran into tens of thousands of volts the manufactures
were taken aback. It was said that it would never be practicable
to insulate a line for more than 40., 000 volts; yet so rapid has
been the advance in insulator design and, what is more important,
in manufacture that 60,000 is now an ordinary voltage.
The accompanying drawing, t Pig. 1.) shows a simple insulator
such as is used on lighting and telephone circuits. All early
insulators were of this type and were made of glass or porcelain.
With the advent of higher and higher pressures the designers began
to insert convolutions on the insulator surface (Fig. 2.) to make
a longer leakage path and to raise the "striking distance" or
shortest air path over which an arc would tend to form. The re-
sult was that the insulators became more and more complicated
in shape, bulky, costly and fragile. The situation was relieved
by the invention of the suspension type insulator (Fig.3.). This
type consists of several units such as are shown in the accompany-
ing illustration strung together and hung from the cross-arm.

FNo. 169
Leakage Distance 42% In.
Striking Distance 9y4 In.
Dry Test Voltage 170000
Rain Test Voltage 120000
Working Voltage 60000
Net Weight 28 Lb.
Weight per Package 105-110 Lb.
Number per Package 3
Scale of Original Drawing Half Size
THE PITTSBURG
HIGH VOLTAGE INSULATOR CO.
DERRY, PENN.

Each unit la of simpler con rzruction than a pin-type insulator
of the sane voltage and. has greater mechanical strength, if it is
desired to raise the insulation of the line it is only necessary
to add one or more units to each insulator. An accident v/hich
would ruin a pin-type insulator may harm only one unit of a sus-
pension insulator and leave it in condition to operate till the
damage can be repaired. The suspension type insulator allows move-
ment of the conductor at the point of support and tends to equalize
the mechanical stresses on the poles or towers. On the other hand,
the freely swinging conductors are liable to become crossed in
heavy winds but this danger may be guarded against by giving proper
spacing and sag to the conductors.
Suspension type insulators are necessary for voltages above
60,000. Below this voltage it is customary to use pin type insul-
ators .
II. Principles of Design of Insulators.
An insulator under high electrical pressure acts as resist-
ance and as a condenser. It is a resistance because the surfaces
of the insulator furnishes a path over which a leakage current
flows, the resistance of this path being proportional to the length
and inversely proportioral to its width. It is a condenser because
the substance of which the insulator is made is a dielectric sep-
arating two conductors through which the voltage is applied.
A charging current flows in and out of this condenser. The cap-
acity of the insulator is inversely proportional to the thickness
Of the dielectric and directly to the area of the adjacent con-
ductors .



An insulator fails In one of the following ways
;
1. By puncture of the insulator material.
2. iiy breakdown of some air gap "between two points on the
surface.
3. ay arcing along the surface rather than across an air gap.
when any part of an insulator fails the stress that was
on that part is thrown on the other parts. In many cases this
increased stress causes the breakdown of some other portion and
this further increases the stress on the remaining portions till
an arc is built from the conductor to the ground. This is called
'cascade action" and is the cause of failure in nearly all cases.
Sometimes it occurs slowly enough to be followed with the eye but
more often the action is extremely rapid.
in designing an insulator as in designing a structure to
resist mechanical stresses the aim is to have all parts reach theii
ultimate stress at the same instant. However there is this im-
portant difference between mechanical and electrical stresses, thai
in dealing with the latter the time element plays a more important
part. Thus, Brew found that presspahn 5 m. m. in thickness is
punctured in thirty seconds with 11,000 volts and in two minutes
fifteen seconds with 9,000 volts. Similarily, that marble 20 m.m.
in thickness is punctured in seventy-eight seconds with 20,000
volts and in two minutes with 15,000 volts. It follows that in
determining the thickness it is necessary to consider the deter-
ioration in service of the dielectric strength and surface re-
sistance. In air, on the contrary, no deterioration takes place,
so that the dielectric and the surface path of the insulator shoulc
have a greater factor of safety than the air-gaps.

III. Insulating Materials.
The following quotation, taken from the "Insulator uook"
issued "by the Locke Insulator Co. of Victor, II. Y. June 1910, is a
consise statement of the history and present practice regarding
the materials of which insulators are made: ''The materials first
used in electrical work were wood, rubber, glass, mica, asbestos
and various compositions usually of an organic nature. For certain
kinds of work they are still used, hut for extremely high voltage
porcelain is now recognized as the only satisfactory material.
For voltages up to 10,000 glass is still used hut its uncertain
mechanical characteristics prevent its use in important work of
any kind. Frequent attempt is made "by enthusiastic investigators
to concoct mixtures of shellac, asbestos and mica, which will
withstand high voltages, but up to the present time no satisfactory
compound has been made."'
In this connection it is interesting to note that about
1S95, when, owing to the introduction of high voltage transmission,
it became necessary to use porcelain it was impossible to man-
ufacture a threaded porcelain center piece to receive the pin,
glass was used on the center with the result that stress distributi
was better than in the present all-porcelain insulators.
For glass has a greater capacity for electrostatic flux than
porcelain and, for a {riven flux, is stressed less. Since the small
inner piece 1ms the greatest flux density it is advantageous to
use some material such as glass with a high electrostatic permeab-
ility. Glass has been abandoned however because its mechanical
disadvantages outweigh its electrical advantages.

It is well to remember that, despite all that may "be said
in favor of porcelain as an insulating substance, the perfect
material remains to be found. The problem of the mechanical pro-
perties of our insulators is still a vexing one. The best con-
ductors, copper and alumitv' t re fairly flexible elastic and
tough. Porcelain, tl best insulator, though it will stand high
compressive and tensil e stresses is easily broken or chipped and
cracks under the intense heat of a power arc. if an insulating
substance could be found whose mechanical characteristics would,
in some slight degree, approach those of a metal it would be an
enormous step forward. This accounts for the "enthusiastic in-
ventors™ mentioned in the above quotation, it is the writer's
opinion, based on the observation of damage done to insulators
by rough handling in the field and by flash-overs on the line,
that their enthusiasm is well directed.
IV. Corar.ercial Tests on Insulators.
Tests are of two classes, routine tests and design tests.
The latter are applied only to selected insulators and are made
to determine the characteristics of a given type of insulator un-
der working conditions and so lead to improvements in design. They
are also used to satisfy the buyer that the stock offered fulfills
his specifications. There are three design tests, the rain test,
the dry test and mechanical tests.
In the standard rain test the insulator is placed in its
working position and the voltage applied as in actual service. At
the same tim water is sprayed over the insulator at an angle of
forty-five degrees, the precipitation being one-fifth of an inch
—
^

per minute. The spray comes from nozrles Whose orifices have a
diameter of .048 inches and a pressure of 140 pounds.
The standard dry test is made With the insulator in its
forking position and the surface clean and dry.
In the mechanical tests the insulator is subjected to
tension and compression of a specified amount. A pin type insul-
ator is also tested with a force applied in the direction of the
conductor.
in design tests the voltage is raised till the insulator
is broken down. In routine tests the voltage is not raised to
the point of puncture. For routine tests are applied to every
piece of porcelain which goes into the insulators, either to the
separate pieces or in the assembled product. Some of these tests
may be noted here.
1. The insulator is inverted in a galvanized iron pan
containing water which is connected to one terminal of the trans-
former. The other terminal is attached to a chain which is sus-
pended in the threads of the insulator, electrical connection
being established by pouring in a little salt water.
2. The electrical connections between transformer and in-
sulator are made by means of metal bands, tubes or plates instead
of by water.
3. The various parts of the insulator are tested in the
same manner in which the whole is tested in method two.
In all tests it is customary to measure the voltage on the
low tension side of the transformer. As a check, a spark gap with
needle points which are capable of accurate adjustment is kept on
the high voltage leads. The pressure necessary to cause a dis-

charge across gaps of various lengths is given in the following
table adopted by the A.I.E.E.
:
Kilovolts (Eff) Inches Kilovolts (Eff) Inches.
10 .47 140 15.95
20 1.00 175 17.80
40 2.45 200 20.50
60 4.65 250 25.60
80 7.10 300 51.00
100 9.60 550 36.10
120 11.85 400 41.20
V. The Factor of Safety for Insulators.
0v;ing to the fact that the insulator surface deteriorates
by receiving a coating of dust and soot and because the line is
subject to surges of voltage due to switching and lightning, all
lines are insulated far above their normal voltage. The factor
of safety used by thirty two operating companies was calculated
from data submitted by the companies in response to the letter
reprinted in the introduction to this thesis. In calculating the
factor of safety a ratio was taken between the ultimate dry flash-
over voltage and the working voltage to neutral. The voltage to
neutral was taken rather than the line voltage because it is the
former which is ordinarily impressed on the insulator in service.
However, if one conductor is grounded the stress on the insulators
is no longer produced by the neutral or Y voltage but by the line
voltage. The factor of safety under this condition is evidently
—i— times the factor of safety to neutral.
\[3

An analysis of the data at hand gives the following results.
A. Lines using pin-type insulators 33
Lowest factor of safety (to neutral; 2.7
Highest factor of safety 12.6
Lines having a factor of safety less than
4 (or less than 2.5 using line voltage) 7 or 21%
Lines having a factor of safety between
4 and 7 tor 2.3 to 4 using line voltage ) 20 or 61%
Lines having a factor of safety greater
than 7 (or greater than 4 between lines ) 6 or 18%
B. Lines using suspension type insulators 14
Highest factor of safety 10.8
Lowest factor of safety 5.45
Lines having factor of safety less than
4 (2.3) 1 or T/o
Lines having factor of safety between
4 and 7 (2.3 to 4) 8 or 57%
Lines ] aving factor of safety greater
than 7(4) 5 or 36%
These figures would seem to indicate that low fadtors of
safety are less common for suspension type insulators than for
pin-type. This is natural, considering the fact that practically
all lines using the suspension type insulator operate above
40,000 volts and the gre ter part above 60,000, and are in general
more important and of a higher K..V.A. capacity than lines equipped
with pin- type insulators. It would be noticed that twice the
percentage of suspended lines, as compared with lines with pin-
type insulators have factors of safety greater than 7.

The factor of safety is governed more "by the amount of
power than by the voltage. This follows from the fact that in-
sulators are designed to withstand not merely the normal operating
strain but the abnormal conditions arising from short circuits,
switching and lightning. The surge of voltage when a circuit is
opened depends not on the impressed voltage but on the value of
the current at the instant of opening. Hence lines of relatively
low voltage if they are carrying a heavy current will nkick'T more
than a line of higher voltage carrying a small current. An
excellent illustration of the attention paid to this fact is taken
from data furnished by the Sierra and San Francisco Power Co.
Generating
Station
Stanislaus
: ITorth Beach : Phoenix
Line voltage 104,000 : 11,000 : 16,000
K.T, A. 40,000 18,000 : 1,875
Full Load Amps. 222 947 : 67.5
Dry test voltage of
Insulator : 525,000 80,000 : 70,000
"'Factor of safety : 8.7*5 12.6 : 7.56
*Using voltage to neutral.
Here the factor of s fety is greatest in the line having
the greatest current, and least in the line of lov/est current.
The Uorth Beach line, although its voltage is more than 25;b lower
than the Phoenix line has 80,000 volt insulators as compared with
the 70,000 volt equipment on the Phoenix, simply because the
former carrys an exceedingly heavy current.
It is obvious that for a given &.V.A. capacity the strength

of insulation required is not proportional to the voltage. This
partially explains the recent increase in the number of 100,000
and 150,000 volt systems where seemingly the cost of insulation
would offset the saving in copper. For with the suspension type
insulator the cost of the insulator is very nearly proportional to
its rated voltage.

rART III. TRANSFORMER COIT1IECTIONS
.
I. Description of Various Connections.
There are three ways in which single phase transformers
may be connected to a three phase transmission line, called
respectively, the delta or mesh, the Y or star, and the open delta
or V connection. Besides these there is the well-known Scott
connection which changes three phase power to two phase or vice-
versa. While the amount of power that can be transmitted with a
given voltage and current is not dependent on the connection of
the apparatus at the ends of the line still the different con-
nections have peculiar characteristics which make them suitable
or unsuitable for a given class of work. The characteristics of
each kind of connection will first be taken up, then the working
of certain combinations of connections, together with a statement
of modern practice as far as the writer has been able to obtain
information about it.
(a) The Delta Connection.
Owing to the presence of iron in the magnetic circuit
of transformers the wave of current and the wave of magnetism are
different shapes. This distortion is due to hysteresis. The re-
lation between current and magnetism is such that there must be a
triple either in the flux (and hence in the voltage) or in the
current. It can be proved that in a three-phase system there can
be no triple in the line current or in the voltage between lines.
'Then transformers are in delta the volta; e applied to the trans-
formers is the line voltage and hence can contain no triple. Then
a triple must exist in the exciting current. The triples in the
Df

three transformerp are in phase and add together and circulate
around the delta but do not appear in the line. This triple
frequency current is not useless; it supplys a necessary magnetic
flux for the applied wave of e.m.f. and this prevents serious
distortion of the flux and e.m.f. waves. Its value relative to
the fundamental is low. If a corner of the delta be opened so
that this triple cannot flow a triple frequency voltage will ap-
pear at the opening. The voltage measured at the open corner of
the delta is three times the triple of one phase. The triple
voltage per phase measured in this manner may be forty per cent
of the fundamental, yet when the corner of the delta is closed a
very small triple current circulating in the delta is sufficient
to produce the flux required to eliminate the voltage triple. For
as soon as the triple circulating current starts to flow it lowers
the triple voltage which produces it and so limits itself. The
final value which this current reaches is approximately the cur-
rent required to produce a flux equal to the triple flux produced
when a Sine wave of exciting current flows,
lb) The Y or Star Connection.
With this connection there can be no triple frequency
current in the transformer? because the transformers carry the
line current. There is however a triple frequency voltage across
the transformers, that is in the voltage to neutral, due to iron
in the magnetic circuit. These triples do not appear in the volt-
ages between lines because in the circuit from line to line they
are in opposition and at any instant the difference of triple
voltages in any two coils is zero. In star connected transformers
the rates of line voltage to coil voltage is not ^3 but is

less than this value because the triple increases the coil voltage
hut not the line voltage. One effect of the triple voltage to
neutral is to decrease the core loss in the transformers. The
core loss is proportional to the 1.6 power of the flux density and
this in turn is proportional to the average e.ra.f. The triple
voltage due to hysteresis is always added on in such a way as to
create a peaked e.m.f. wave and decrease the average (Fig. 4.).
If the neutral is grounded or
connected to the neutral point of the
generator a triple current may flow
in each of the line conductors return
ing by the neutral and eliminating
the triple frequency component from
i'ig. 4^ the flux and e.m.f. waves,
(c) The Open Delta or V Connection.
if one of the transformers of a delta be removed the
remaining two can still supply three phase e.m.f. and current
through what is known as the V connection. This connection though
advantageous in that it uses only two transformers, lowers the ef-
ficiency of one phase and spoils its regulation. For one phase is
transformed through two transformers series instead of one. More-
over it provides no path for a triple frequency exciting current,
distorts the voltage wave and increases the voltage across the open
part of the V by twice the value of the triple.
II. Combinations of Connections.
(a) The Delta- Delta.
-delta.
The delta combination at the generating end of the line
A
is by far the most common of all. It provides a double path for

the triple frequency exciting current. In railway work it is
standard. Many railway substations have a single set of trans-
formers connected to a single rotary converter. If an accident
occurs to one transformer it will tie up a whole section of the
road unless the transformers are in delta. In this case the
affected transformer may be cut out of the delta, leaving a V con-
nection and this V can carry the load until the transformer is
repaired. The foregoing applys particularly to railway sub-
stations because it is the only class of work where it is not
common practice to have several sets of transformers in parallel.
If one of several parallel sets breaks down the others take up
its load.
Out of thirty two statements by companies in all parts of
the country concerning the transformer connections used by them,
sixteen or fifty per cent use the delta combination at both the
generating and receiving ends of the line. This combination is
simple to install and needs no grounded neutral to produce stab-
ility in voltage relations. At the worst condition of load poss-
ible, that is with one phase fully loaded and two without load,
the system works quite satisfactorily. The only other combination
which does not distort the voltage is the grounded star. But
with this connection there is a triple current in the line, and
this is liable to produce resonance. The delta, delta combination
keeps the triple frequency current in the transformers where it
is needed and does not let it out into the line where it may nrodu|e
harmful effects.
It may be suggested that in a system of this kind which is
ungrounded throughout^ the system ss a whole may become charged to

a point consi derably above the potential of the ground end cause
undue strain on the insulation. However, it may be shown that the
capacity of a three phase line of even one mile in length tends to
keep the potential of the line very close to that of the earth.
transmission of power is the delta-star connection with the star on
the high tension side at both ends of the line and the delta on the
low tension side. Of the thirty-two statements received six or
about nineteen per cent report this combination. One company stated
that while at present it is using the delta-delta connection with a
line voltage of 40,000 it expects shortly to connect the secondaries
in star and raise the line voltage to 66,000. In rapidly growing
systems it is a common thing to raise the line voltage after a year
or two of operation and the star connection on the high tension
side enables the company to do this without buying new transformers.
used the neutral is grounded to reduce the potential of the line
above that of the earth. In view of what has been said of the ef-
fect of capacity in three phase lines, this seems scarcely necessary
(c) Other Combinations.
The combinations already mentioned, delta-delta and delta-
star, are by far the most common at the present time, However,
other connections ere used at times. It is often desirable to use
the S cott connection at the receiving end of a three phase line.
Since the S cott connection gives two phases, which are not inter-
connected it may be said to furnish single phase distribution, which
is highly desirable for lighting circuits. Cere is taken so to
arrange the circuits that the load will never be seriously unbalan-
ced. The connection at the generating end is usually delta-delta
-nnother commonly used combination for the long distance
In all cases heard from where the delta-star combination is

or delta-star.
It is rather surprising to note that, out of the thirty-
two statements received, tv;o reported that the open delta con-
nection is used throughout. Since the open delta has its sole
advantage in the fact that it uses only two transformers the
intention is presumably to add the third transformer and make
a delta when there shall he sufficient load to warrant it.
Two cases came to the writers notice where the grounded
star c nnection is used throughout. Both of these companies
operated on the Pacific. VJhen lines are built in high altitudes
they are highly charged with static electricity from outside
sources and the grounded neutrals help to dissipate this charge.
In the case of the Central Colo., Power Co., whose line to
Shoshone, Colorado reaches an attitude of nearly 14000 feet at
two points, the line is collected delta. Vjhen this line is being
repaired it is grounded at both ends. Nevertheless it is nec-
essary for the linemen to ground the line where they are work-
ing or they are in danger of getting "jolted" when they touch
a conductor. If the lineman's p-round is removed for a few
moments the line ^through dead and grounded { at the plant) quickly
becomes recharged.
(d) The thirty- two statements received relative to
t rancformer connections may be tabulated as follows:

Connecfiahi
Sen. *+*h*n
TkMSI*H
A A A A ie *)0.oo
A Y Y A
V V V €25
A A V 6ZS
A A 5d 2
A V S<r *
y r Y Y
Y A A

Part IV. Conclusions.
1. Regarding Insulators.
The trend of modern practice is toward the suspen-
sion-type insulator where the voltage is 60,000 or above and
toward the pin-type below this value. Brown glazed porcelain
with galvanized or sherarized metal fittings is the universal
material, The design of insulators is steadily becoming
standardized and their performance improved to such a point
that the problem of corona loss due to the breaking down of
the air insulation is superseding the problem of insulating
the conductors from their supports.
The factor o^ safety between the dry flashover volt-
age and the working voltage to neutral is between 4 and n
with occasional variations from the limits for snecial con-
d it ions
.
2. Regarding Transformer Connections.
The table at the end of the chapter on transformers
points to the fact that the standard transformer connection
for high tension linos is the delta throughout the system.
Next in favor comes the delta-star combination with the star
on the high tension side. The percentage given for the other
combinations indicate nothing since the replies received were
too few. It might be generally stated that the delta connect-
ion is used in three phase systems except where a star is
desired for one of the following reasons:

1. To make it possible to ^ound the neutral and
dissipate static charges in the line and lessen the strain
on the insulators,
2. To raise the transmission voltage of a growing
line without a change of transformers.



